Initial strategies to enhance cetuximab activity have focused on the intracellular signaling hypothesis ( Figure 1A ), which suggests that de novo or compensatory activation of parallel RTKs (alternate HER family members, cMet, IGF1R, FGFR, VEGFR), downstream EGFR-signaling nodes (RAS, PI3K, STAT3, SRC), or cell cycle promoters (aurora kinase, CDK4/6) circumvents EGFR blockade in HNSCC preclinical models; therefore, coinhibition of these resistance nodes should enhance the activity of cetuximab (3). Cetuximab resistance has also been attributed to heterodimerization of EGFR with other HER proteins that potentially prevent recognition of EGFR by cetuximab as well as acquisition of gain-of-function PIK3CA mutations that activate signaling downstream of EGFR. In CRC patients, activating KRAS and BRAF mutations confer clinical cetuximab resistance. Progressive insight into the complexity and plasticity of the EGFR signaling network has propelled cetuximab-combination trials to evaluate the efficacy of cotargeting these purported resistance nodes (Table 1) .
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Jennifer Grandis receives laboratory research funding from Novartis. and cytotoxicity. In turn, activated NK cells induce IFN-γ-dependent DC maturation, enhancing antigen presentation and crosspriming of EGFR-specific CD8 + cytotoxic T lymphocytes (7). In theory, strategies to amplify cetuximab-induced NK cell activation would stimulate both innate and adaptive immunity, the latter required for long-lasting immune protection.
A sequential approach to enhancing cetuximab efficacy
Kohrt and colleagues present evidence that sequential administration of cetuximab followed by an agonistic anti-CD137 mAb potentiates NK cell degranulation These models indicate that EGFR serves as a tumor antigen (TA) that is bound by the variable fragment (Fab) of cetuximab, leaving the exposed IgG1 constant fragment (Fc) on cetuximab-coated cells able to bind FcγR IIIa (CD16) on NK cells. Fc-CD16 binding then triggers antibody-dependent cell-mediated cytotoxicity (ADCC). In vitro, effective cetuximab-mediated ADCC depends upon IgG1 isotype, Fc fragment glycosylation, and CD16 polymorphisms, which influence the strength of the bond between Fc and CD16 (4, 6). Crosslinking of Fc with CD16 activates NK cells and upregulates expression of the costimulatory receptor CD137, production of IFN-γ, syngeneic xenografts in immune-competent BALB/c mice, using an engineered murine cell line (TUBO) transfected with human EGFR (TUBO-EGFR) (6). While NK cells were necessary for initiation of the therapeutic effect of cetuximab against TUBO-EGFR, depletion of CD8 + T cells also abrogated efficacy. Importantly, CD8 + T cells were required to mediate the memory response and epitope spreading that resulted in rejection of TUBO and TUBO-EGFR xenografts both in mice previously cured with combination therapy and in untreated mice that received adoptively transferred CD8 + splenocytes from cured animals. Kohrt and colleagues also determined that CD137 is upregulated on intratumoral and peripheral NK cells from patients with HNSCC treated with cetuximab, highlighting the translational potential of this therapeutic approach (8).
CD137 is a member of the costimulatory family of TNF receptors that is induced upon activation of NK and T cells. Its ligand, CD137L, is expressed on macrophages, activated B cells, and DCs. Endogenous ligation enhances ADCC by NK cells, CD28-dependent activation of the T cell receptor, and expansion/memory differentiation of CD8 + T cells while inhibiting the immunosuppressive function of CD4 + Tregs (11). Additionally, CD137 can be stimulated exogenously by engineered mAbs. Enthusiasm for CD137-based immunotherapy emerged after preclinical studies demonstrated that administration of an anti-CD137 mAb eradicated murine sarcomas and mastocytomas in immune-competent animals and was associated with expansion of CD8 + TA-specific T cells (12) . In tumors that were not responsive to CD137, a combination of TA-derived peptide vaccine plus anti-CD137 mAb broke T cell naiveté, promoting tumor regression. These results underscored the possibility that poorly immunogenic tumors, similar to human epithelial malignancies, would require combinatorial approaches in which T cell activation is followed by CD137 agonism. The approach used by Kohrt and colleagues combines cetuximab, which primes NK cell activation by Fc-CD16 crosslinking, and anti-CD137 mAb, which augments both ADCC and the T cell response to generate immunologic memory (8). Results from other preclinical studies targeting HER2-expressing breast cancer with trastuzumab/anti-CD137 and CD20 + lymphoma with rituximab/anti-CD137 suggest that els (9, 10) is the use of immunosuppressed animals, which limits analysis to the innate immune response; however, Kohrt et al. evaluated the effectiveness of cetuximab/ anti-CD137 combination therapy against and cytotoxicity against EGFR-expressing HNSCC, mutant KRAS CRC, and WT KRAS CRC cell lines in vitro and as xenografts in murine models (8). A major limitation of many murine xenograft mod- Unlike in CRC, no link between a particular genetic mutation and clinical cetuximab resistance in HNSCC has been identified. Furthermore, the paucity of genetically engineered HNSCC mouse models limits identification of predictive biomarkers. Given their resemblance to human tumors, patient-derived tumor grafts are promising models for evaluating cetuximab resistance (16) . Third, evaluation of the response of tumorigenic human cells in mice is only possible in the context of a compromised host immune system, where only innate immunity persists. Kohrt and colleagues addressed this limitation by using the TUBO-EGFR murine tumor cell line in immune-competent animals (8). Of note, the TUBO progenitor is HER2 dependent, and TUBO-EGFR cells are more responsive to trastuzumab than cetuximab (6). Given the known heterodimerization of EGFR and HER2 and efficacy of dual EGFR/HER2 inhibition in HNSCC models, HER2 expression in TUBO-EGFR cells may influence the signaling response. Additionally, the therapeutic results from an immune-competent mouse model may not translate to human patients. Despite a striking conservation of transcriptional programs during murine and human immune system differentiation, several hundred immune genes diverge and their regulatory mechanisms are less well conserved (19) . The ongoing technologic advances in engrafting Il2rg mutated, immunodeficient mice with functional human immune systems will likely provide greater translational confidence (20) .
Despite acknowledged limitations, this study by Kohrt and colleagues introduces a new therapeutic paradigm. Much like the EGFR signaling network, the immune cascade following TA-targeting mAb treatment contains key nodes that can be targeted to amplify the antitumor immune response. Multiple approaches have entered human clinical trials to enhance cetuximab-dependent responses, including stimulation of ADCC with Fc fragment glycoengineering, CD137 agonists, or IL-12, activation of DCs with TLR agonists, and sequential therapy with an IgG1, TA-targeting mAb and an anti-CD137 mAb may be broadly applicable (9, 10).
Kohrt and colleagues hypothesized that combined TA-targeting and anti-CD137 mAb would be less toxic than alternative NK cell-stimulating strategies, such as exogenous cytokine administration, due to restriction of NK activation to the TA-expressing tumor microenvironment (8); however, clinical experience tempers this conclusion. Two humanized, agonist anti-CD137 mAbs (BMS-663513 and PF-05082566) have entered clinical development. While phase I trials for BMS-663513 suggested clinical activity, 11% of patients exhibited serious, reversible liver inflammation, an on-target toxicity likely due to polyclonal T cell infiltration (13, 14) . Furthermore, development of BMS-663513 was temporarily suspended during a follow-up phase II trial, when two hepatic fatalities occurred in cohorts receiving a dose greater than 1 mg/kg. Because the biologic activity of BMS-663513 was evident at doses logarithmically lower that 1 mg/ kg, phase I trials to evaluate doses in the 0.03 to 0.3 mg/kg range are now recruiting. Safety data will be necessary before planned combination trials with TA-targeting mAbs proceed.
Limitations and future directions
While a combinatorial therapeutic approach remains promising, certain translational limitations must be acknowledged. First, the work by Kohrt and colleagues appears agnostic to the intracellular and genomic context of EGFR inhibition (8). Cell lines were selected on the basis of EGFR expression, including SCC4 and SCC6 (HNSCC), PC1 (pancreatic cancer), and T84 and HCT116 G13D (WT KRAS and mutant KRAS CRC), as ADCC activity correlates with TA concentration but not KRAS mutational status (15) . EGFR expression also correlates with response to EGFR inhibition in vitro, and HNSCC xenografts in athymic nude mice are uniformly sensitive to cetuximab (16) ; therefore, the rationale for use of these cell lines is somewhat unclear, and the modest effect of cetuximab monotherapy in the SCC6 xenograft model is surprising. Better characterization of altered intracellular signaling would enhance understanding of the overall therapeutic response to cetuximab, as EGFR-signaling blockade has multiple effects on the immune response, including inhibition of TLR3, decreased EGFR-Preclinical studies indicate that the phosphodiesterase 5 (PDE5) inhibitor sildenafil is protective against hypertrophy-induced cardiac remodeling. Despite an initial clinical study demonstrating sildenafil-dependent amelioration of pathological remodeling, the cardioprotective effect of this drug was not significant in a large placebo-controlled clinical trail. In this issue, Sasaki and colleagues reveal that the efficacy of PDE5 inhibition in female mice requires estrogen. Induction of cardiac stress in male and intact female mice resulted in increased activation of protein kinase G (PKG) signaling, which was further enhanced by sildenafil. PKG activity was not enhanced in ovariectomized (OVX) female mice as a result of cardiac stress, but administration of estrogen restored PKG activation and enhancement by sildenafil. These data highlight the importance of considering sex-specific differences and drug responses in clinical trial design.
